Human albumin is thought to hydrolyze esters because multiple equivalents of product are formed for each equivalent of albumin. Esterase activity with p-nitrophenyl acetate has been attributed to turnover at tyrosine 411. However, p-nitrophenyl acetate creates multiple, stable, acetylated adducts, a property contrary to turnover. Our goal was to identify residues that become acetylated by pnitrophenyl acetate and determine the relationship between stable adduct formation and turnover. Fatty acid free human albumin was treated with 0.5 mM p-nitrophenyl acetate for 5 min to two weeks, or with 10 mM pnitrophenyl acetate for 48 h to two weeks. Aliquots were digested with pepsin, trypsin, or GluC and analyzed by mass spectrometry to identify labeled residues. Only Tyr411 was acetylated within the first 5 min of reaction with 0.5 mM p-nitrophenyl acetate. After 0.5-6 h there was partial acetylation of 16-17 residues including Asp1, Lys4, Lys12, Tyr411, Lys413, and Lys414. Treatment with 10 mM pnitrophenyl acetate resulted in acetylation of 59 lysines, 10 serines, 8 threonines, 4 tyrosines, and Asp1. When Tyr411 was blocked with diisopropylfluorophosphate or chlorpyrifos oxon, albumin had normal esterase activity with beta-naphthyl acetate as visualized on a nondenaturing gel. However, after 82 residues had been acetylated, esterase activity was almost completely inhibited. The half-life for deacetylation of Tyr411 at pH 8.0, 22˚C was 61±4 h. Acetylated lysines formed adducts that were even more stable. In conclusion, the pseudo-esterase activity of albumin is the result of irreversible acetylation of 82 residues and is not the result of turnover.
observation that albumin hydrolyzes p-nitrophenyl acetate at measurable rates, yet the 14 C-acetylated albumin formed by p-nitrophenyl acetate is a stable adduct.
EXPERIMENTAL PROCEDURES
Materials. A 1 mg/ml solution of fatty acid free human albumin (Fluka 05418, via Sigma) was dissolved in 10 mM TrisCl pH 8.0. A 1 mg/ml solution of porcine pepsin (Sigma P6887) in 10 mM HCl was stored at -80˚C. Sequencing grade modified trypsin (Promega V5113) at a concentration of 20 µg in 50 µl of 50 mM acetic acid was stored at -80˚C. Endoproteinase GluC (S. Aureus protease V8) was from Worthington Biochemical Corp (Lakewood, N.J.; #LS003608). One mg of GluC powder was dissolved in 210 µl water, aliquoted into microfuge tubes each containing 10 µl (50 µg), dried in a vacuum centrifuge, and stored at -80˚C. A 10 mg/ml solution of alpha-cyano-4-hydroxycinnamic acid matrix (CHCA) (Applied Biosystems) in 50% acetonitrile, 0.1% trifluoroacetic acid was stored at room temperature. A 0.1 M solution of pnitrophenyl acetate (Sigma N8130) in acetonitrile was stored at -20˚C. Diisopropylfluorophosphate (DFP), a liquid with a concentration of 5.73 M, was from Sigma (D0879). Chlorpyrifos oxon (ChemService Inc. West Chester, PA; MET-674B) was dissolved in methanol to make a 1 M solution and stored at -80˚C. Beta-naphthyl acetate, Fast Blue RR, and fluorodinitrobenzene (>99% pure) were from Sigma. Albumin samples were concentrated in a Microcon centrifugal device with a YM10 membrane whose molecular weight cutoff was 10,000 (Millipore 42406) .
Pure albumin labeled with p-nitrophenyl acetate, digested with pepsin while albumin disulfides were intact. One ml of a 1 mg/ml solution of fatty acid free human albumin (15 µM) in 10 mM TrisCl pH 8.0 was treated with a 33-fold molar excess of p-nitrophenyl acetate (5 µl of 0.1 M in acetonitrile) at 22˚C. One ml of control albumin solution was treated with 5 µl of acetonitrile. A 50 µl aliquot was removed into 50 µl of 1% trifluoroacetic acid containing 2 µl of 1 mg/ml pepsin after 5, 10, 15, 20, 30, 40, 50 , 60 min, 6 h, 24 h, 9 days and 14 days. The drop in pH to 1.4 stopped the reaction with p-nitrophenyl acetate. Digestion with pepsin was at 37˚C for 1 to 2 hours. A 0.5 µl aliquot of the digest was spotted on a MALDI target plate, dried, and overlaid with 0.5 µl of CHCA matrix, for analysis in a MALDI-TOF/TOF 4800 mass spectrometer.
Absorbance at 400 nm to measure pnitrophenolate produced by albumin hydrolysis of p-nitrophenyl acetate. One ml of 1 mg/ml human albumin in 10 mM TrisCl pH 8.0 was incubated with 5 µl of 0.1 M p-nitrophenyl acetate at 22˚C. At various times after mixing a 50 µl aliquot was withdrawn and diluted to 2 ml for measurement of absorbance at 400 nm. The reaction was followed until all of the p-nitrophenyl acetate was consumed. A control sample, without albumin, was followed in a similar manner to measure spontaneous hydrolysis of p-nitrophenyl acetate, in 10 mM TrisCl pH 8.0. The amount of pnitrophenylate ion formed in the albumin reaction was corrected for spontaneous hydrolysis.
The extinction coefficient for the pnitrophenolate ion at pH 8.0 is 16,900 M -1 cm -1 at 400 nm (1) . Therefore, the completely hydrolyzed 500 µM p-nitrophenyl acetate should have an absorbance at 400 nm of 8.45.
Albumin incubated with potassium acetate. To determine whether acetylation of lysines was accomplished by reaction with p-nitrophenyl acetate or by reaction with free acetate we measured acetylated lysines after incubation of albumin with potassium acetate. One ml of 1 mg/ml albumin in 10 mM TrisCl pH 8.0 was incubated with 500 µM potassium acetate for 15 h at 22˚C. A 50 µl aliquot of the reaction mixture was removed into 50 µl of 1% trifluoroacetic acid containing 2 µl of 1 mg/ml pepsin and incubated for 2 h at 37˚C. The digest was analyzed with a MALDI-TOF-TOF 4800 mass spectrometer, with CHCA matrix.
HPLC purification of the 1872 amu acetylated peptide LVRYTKKVPQVSTPTL. This peptide was purified to make it possible to get an MS/MS spectrum of acetylated YTK. The acetylated YTK peptide ionized in the mass spectrometer only when the number of ions in the mixture was minimal. Ten mg of human albumin in 1 ml of 10 mM TrisCl pH 8.0 was treated with a 33-fold molar excess of p-nitrophenyl acetate for 5 min. The reaction was stopped by the addition of 1 ml of 1% trifluoroacetic acid and 0.1 ml of 1 mg/ml pepsin. After 1 h at 37˚C, the pepsin digested albumin was purified on a Waters 625 LC system on a Phenomenex Prodigy 5 micron C18 100 x 4.60 mm column. Peptides were eluted with a 60 min gradient from 0.1% trifluoroacetic acid in water to 60% acetonitrile, 0.09% trifluoroacetic acid at a flow rate of 1 ml/min. An aliquot from each 1 min fraction was spotted on a MALDI target plate to identify the fractions that contained the 1872 mass. It was found that the 1872 mass eluted with 26% acetonitrile in fractions 26 and 27. These fractions were combined, dried, and injected into the same Phenomenex column, but this time the elution solvents were 10 mM potassium phosphate pH 7.0 and acetonitrile. In a 60 min gradient from 0 to 60% acetonitrile, the 1872 mass eluted in fractions 37-44. About 5000 pmoles of the purified 1872 amu peptide in 225 µl of 50 mM ammonium bicarbonate were digested with 2 µg of Promega trypsin for 4 h at 37˚C, dried, dissolved in 50 µl of 5% acetonitrile, 0.1% formic acid and infused into the QTRAP 4000 mass spectrometer.
Percent acetylation calculated from cluster areas in a MALDI-TOF-TOF 4800 (Applied Biosystems, Foster City, CA) mass spectrometer. Essentially salt-free 0.5 µl samples were spotted on a MALDI target plate, air dried, and overlaid with 0.5 µl of 10 mg/ml CHCA in 50% acetonitrile, 0.1% trifluoroacetic acid. MS spectra were acquired with laser power at 3000 volts in positive reflector mode. Each spectrum was the average of 500 laser shots. The percentage of acetylation was calculated by dividing the cluster area of the unlabeled peptide by the sum of the cluster areas for the unlabeled and labeled peaks. spectrometer. An ion-spray voltage of 1900 volts was maintained between the emitter and the mass spectrometer. Information-dependent acquisition was used to collect MS, enhanced MS and MS/MS spectra for the 3 most intense peaks in each cycle, having a charge of +1 to +4, a mass between 200 and 1700 m/z, and an intensity >10,000 cps. All spectra were collected in the enhanced mode, using the trap function. Precursor ions were excluded for 30 seconds after one MS/MS spectrum had been collected. The collision cell was pressurized to 40 mTorr with pure nitrogen and collision energies between 20 and 40 eV were determined automatically by the software based on the mass and charge of the precursor ion. The mass spectrometer was calibrated on selected fragments from the MS/MS spectrum of GluFibrinopeptide B. The MS/MS data were processed using Analyst 1.4.1 software and submitted to Mascot for identification of peptide sequences (22) .
A pepsin digest of the same carbamidomethylated preparation was analyzed on the LCQ Deca XP mass spectrometer (ThermoFinnigan, San Jose, CA) coupled to the Ultimate 3000 HPLC system (Dionex, Sunnyvale, CA). The 75 µm i.d. C18 column was from LCPackings. HPLC solvents were A) 0.1 M acetic acid and B) 80% acetonitrile, 0.1 M acetic acid. Peptides were eluted with a gradient from 0 to 55% B in 90 min. Data were collected with Xcalibur 2.0 and analyzed with OMMSA search engine (23) .
Infusion in QTRAP 4000 mass spectrometer. Peptides dissolved in 50% acetonitrile, 0.1% formic acid were infused into the QTRAP 4000 (Applied Biosystems, Foster City, CA) mass spectrometer at a flow rate of 0.3 µl/min through an 8 µm emitter (#FS360-50-8-D, New Objective) via a 25 µl Hamilton syringe mounted on a Harvard syringe pump. 500 MS/MS spectra were accumulated for each parent ion.
Deacetylation of Tyr 411. The production and disappearance of acetylated Tyr 411 was followed by MALDI-TOF mass spectrometry. A 15 µM solution of human albumin in 10 mM TrisCl pH 8.0 was treated with an equimolar concentration of p-nitrophenyl acetate at 22˚C. After various times, a 10 µl aliquot was mixed with 10 µl of 1% trifluoroacetic acid and 1 µl of 1 mg/ml pepsin. After 1-2 h at 37˚C a 0.5 µl aliquot of the digest was spotted on a MALDI target plate. Cluster areas for the unlabeled peptides at 1717 and 1830 amu and the labeled peptides at 1759 and 1872 amu were used to calculate % labeling on Tyr 411.
Percentage of acetylated lysines calculated from amino acid composition analysis. Quantitation of the acetylated lysine was obtained by the use of fluorodinitrobenzene (Allfrey et al., 1984) . Fluorodinitrobenzene reacts with unacetylated lysine to form ε-N-dinitrobenzylated lysine. Acid hydrolysis, in preparation for amino acid composition analysis hydrolyzes the ε-Nacetyl lysines to yield free lysine, but the dinitrobenzylated lysines are relatively stable to acid hydrolysis. The amount of free lysine appearing in the amino acid composition analysis, corrected for hydrolysis of dinitrobenzylated lysine, represents the amount of lysine that was originally acetylated.
Fluorodinitrobenzylation employs the method originally described by Sanger (24) . Acetylated and control albumin were dialyzed into NaHCO 3 (20 mg/ml). Two hundred micrograms of dialyzed albumin were adjusted to 1 ml with NaHCO 3 and mixed with 2 ml of absolute ethanol. The mixture was shaken at room temperature for 1 hour, at which time 30 µl of fluorodinitrobenzene was added and that mixture shaken for an additional 2 hours. The insoluble yellow product was washed twice with water, twice with absolute ethanol, twice with diethyl ether, air dried and submitted for amino acid composition analysis.
Nondenaturing gel electrophoresis. Albumin esterase activity was demonstrated on a nondenaturing 4-30% polyacrylamide gradient gel, stained for esterase activity with beta-naphthyl acetate and Fast Blue RR (25) . Gels were shaken in 100 ml of 0.05 M TrisCl pH 7.4 containing 50 mg of beta-naphthylacetate in 1 ml ethanol, and 50 mg of solid Fast Blue RR. Though most of the Fast Blue RR does not dissolve, pink bands of esterase activity appear within 15 to 30 min. The gel was counterstained with Coomassie Blue to show protein concentration.
The positive control samples, not acetylated on any residues, were 5 µl of human serum and 200 µg of fatty acid free human albumin. The negative control was albumin that had been denatured in 8 M urea, reduced with 10 mM dithiothreitol, carbamidomethylated with iodoacetamide, dialyzed to remove salts, and concentrated to 10 µg/µl. Albumin acetylated on 100% of Tyr 411 only, was prepared by incubating 10 mg/ml albumin with 5 mM p-nitrophenyl acetate (33 fold excess) in 10 mM TrisCl pH 8.0 for 5 min, followed immediately by gel electrophoresis. Albumin acetylated on 100% Tyr 411 and 20% of the lysines was prepared by incubating 1 mg/ml albumin with 0.5 mM pnitrophenyl acetate for 6 hours at 22˚C. Albumin with free Tyr 411 and 20% acetylated lysines was prepared by incubating 1 mg/ml albumin with 0.5 mM p-nitrophenyl acetate, 0.01% sodium azide for two weeks at 22˚C, during which time Tyr 411 was completely deacetylated as shown by mass spectrometry. Albumin with 100% acetylated Tyr 411 and 60-100% acetylated lysines was prepared by incubating 1 mg/ml albumin with 10 mM pnitrophenyl acetate for 48 h. Percent acetylation of Tyr 411 and lysines was determined by mass spectrometry as described above, and by amino acid composition analysis after reaction with fluorodinitrobenzene.
Albumin labeled with DFP on 80% of Tyr 411 was prepared by treating 2 mg/ml albumin with a 20-fold excess of DFP in 10 mM TrisCl pH 8.0 for 2 h at 22˚C. Albumin labeled with chlorpyrifos oxon on 95% of Tyr 411 was prepared by treating 1 mg/ml albumin in 10 mM TrisCl pH 8.0 with a 7.5 -fold excess of chlorpyrifos oxon for 48 h at 22˚C. The percent free and modified Tyr 411 was determined by mass spectrometry. No lysines were labeled by DFP or chlorpyrifos oxon.
RESULTS
Tyrosine 411 is rapidly acetylated by pnitrophenyl acetate. A 5 min reaction of albumin (15 µM) with p-nitrophenyl acetate (500 µM) results in complete acetylation of Tyr 411. This is indicated by the mass shift of +42 amu for peptic p e p t i d e s V R Y T K K V P Q V S T P T L a n d LVRYTKKVPQVSTPTL (missed cleavage), which have masses of 1717 and 1830 amu in the control albumin digest ( Figure 1A ), but masses of 1759 and 1872 amu after treatment with pnitrophenyl acetate ( Figure 1B) . No unlabeled masses at 1717 and 1830 amu remain after treatment with p-nitrophenyl acetate, indicating 100% labeling. No other peptides were found to have a mass shift at this time point.
The labeled residue was identified as Tyrosine 411 by fragmentation of the doubly-charged parent ion 936.5 m/z (corresponding to the singly charged 1872 amu ion) in the QTRAP mass spectrometer. Figure 2A shows fragmentation of parent ion 936.5 m/z. All major peaks are assigned to fragments of LVRYTKKVPQVSTPTL. The presence of the b4 ion (representing residues LVRY* plus acetyl) at 574.3 amu indicates acetylation of that fragment. The most likely candidate for acetylation is tyrosine. The b4-17 ion at 557.3 amu, and the b-ion fragments b5 ion at 675.3 amu through b13-18 at 1524.8 amu are all 42 amu larger than predicted from the amino acid sequence, further supporting acetylation of tyrosine in LVRYTKKVPQVSTPTL.
To obtain additional support for acetylation on tyrosine, peptide LVRYTKKVPQVSTPTL from Figure 2A was purified by HPLC, digested with trypsin, and analyzed by mass spectrometry. Figure 2B shows fragmentation of the 453.2 amu singly charged parent ion. The labeled peaks in the spectrum support the sequence YTK where the acetyl group is on the phenolic oxygen of Tyr 411. The mass at 178.1 is the O-acetyl-tyrosine immonium ion.
The 178.1 mass was found in other peptides that had an acetylated tyrosine. A peak at 178.1 can be used as a marker for O-acetylated tyrosine.
There is no possibility that the acetyl group is on the amino group of tyrosine because the reaction with p-nitrophenyl acetate was performed while the amino group of Tyr 411 was in a peptide bond and therefore unavailable for modification.
Taken together, the data indicate that Tyr411 is the first albumin residue to be acetylated by pnitrophenyl acetate.
Lysine 413 and lysine 414 are slowly acetylated by p-nitrophenyl acetate. After 6 hours reaction of 15 µM albumin with 500 µM pnitrophenyl acetate, a second and third site on p e p t i d e s V R Y T K K V P Q V S T P T L a n d LVRYTKKVPQVSTPTL was acetylated, as indicated by peaks with mass shifts of +42, +84 and +126 amu. The 1717 amu peak (supplemental Figure S1A) shifted to 1759 amu, 1801 amu, and 1843 amu (supplemental Figure S1B) , while the 1830 amu peak shifted to 1872 amu, 1914 amu, and 1956 amu ( Figure S1B ). At 6 hours, about 50% of peptides VRYTKKVPQVSTPTL and LVRYTKKVPQVSTPTL were labeled with one acetate, about 50% with 2 acetates, and 1-2% with 3 acetates (percentage estimates are based on the cluster areas of the peaks). The percentage of acetylated peptides did not increase after 6 h because 90% of the p-nitrophenyl acetate had been hydrolyzed by that time.
The possibility that acetate (rather than pnitrophenyl acetate) might be acetylating lysines was ruled out by the finding that no mass shifts occurred when 1 mg/ml albumin was treated with 0.5 mM potassium acetate.
Peptides VRYTKKVPQVSTPTL and LVRYTKKVPQVSTPTL with a mass shift of +84 amu were acetylated on Tyr 411 and Lys 413, or on Tyr 411 and Lys 414. Figure S2 (supplement) shows the MS/MS spectrum for doubly charged p a r e n t i o n 9 5 7 . 5 o f p e p t i d e LVRYTKKVPQVSTPTL at the 6 h time point. The b4 ion at 574.1 amu (representing residues LVRY* plus 1 acetyl) and the b5 ion at 675.7 amu (representing residues LVRY*T plus 1 acetyl) support acetylation of Tyr 411. The b6 ion at 844.3 amu (representing residues LVRY*TK* plus 2 acetyls) supports acetylation of Lys 413 in addition to Tyr 411. The existence of the b6 ion mass at 803.3 amu (representing residues LVRY*TK plus 1 acetyl) suggests that Lys 413 can appear without being acetylated. The appearance of an un-acetylated form of Lys 413 together with acetylated b7 to b11 ions is consistent with the second acetyl group on Lys 414. Other +84 ions were found (data not shown) where the second acetyl group was exclusively on Lys 413 or on Lys 414. Based on the relative intensities of the peaks at 803.3 and 844.3 amu, acetylated Lys 414 was more abundant than acetylated Lys 413.
From the above analysis, it follows that triplyacetylated peptides, with a mass shift of +126 Figure S1A) . After 6 h reaction of 15 µM albumin with 500 µM p-nitrophenyl acetate, 20% of this peak had acquired a mass of +42 amu ( Figure S1B ), 2% had acquired a mass of +84 amu, and about 0.5 % had increased in mass by +126 amu. Incubation with 10 mM pnitrophenyl acetate for 48 h resulted in complete disappearance of the 2229 and 2271 amu peaks and appearance of +84, +126 and +168 amu ions at 2313, 2355, and 2397 amu (data not shown). MS/MS spectra showed that the +42 amu parent ion was acetylated on Asp 1, the N-terminus of albumin, the +84 amu parent ion was acetylated on Asp1 and Lys 12, and the +126 amu ion was acetylated on Asp 1, Lys 12 and Lys 4 (data not shown).
The +168 amu ion was acetylated on Asp 1, Lys 4, Ser 5, and Lys 12 (supplemental Figure S3) . Most of the major peaks in the spectrum could be assigned to the DAHKSEVAHRFKDLGEENF peptide. The 366.1 amu mass was consistent with the b3 ion (representing D*AH plus 1 acetyl). Though histidine is a potential candidate for acetylation, N-acetylhistidine is unstable (26) . Therefore, acetylation is on the N-terminus. The mass at 536.2 amu is consistent with the b4 ion (representing D*AHK* plus 2 acetyls). The 665.2 amu mass is consistent with the b5 ion (representing D*AHK*S* plus 3 acetyls). Additional b-ions at 794.4 amu (b6), 893.0 amu (b7), and 964.3 amu (b8) support the presence of 3 acetyls. The mass at 1296.5 amu is consistent with the y10 ion (representing RFK*DLGEENF plus 1 acetyl) where acetylation is on the lysine.
Analysis of cluster areas in the MALDI-TOF spectra showed that the N-terminal Asp 1 and Lys 12 were 100% acetylated, consistent with the disappearance of peaks at 2229 and 2271 amu. About 65% of Lys 4 and 6% of Ser 5 residues were acetylated, indicating that serine is not nearly as reactive with p-nitrophenyl acetate as lysine.
Residues acetylated by 0.5 mM p-nitrophenyl acetate. Within the first 5 min of reaction of 15 µM albumin with 0.5 mM p-nitrophenyl acetate, Tyr 411 was acetylated 99-100%. No other residue was significantly acetylated within 5 min. Six hours after addition of p-nitrophenyl acetate, residues D1, K12, K413, and K414 were acetylated about 20-25% while Tyr 411 was still acetylated 100%. An additional 19 peptides had a mass shift of +42 amu as observed by MALDI-TOF, however peak intensities were low, and the peptide sequences could not be determined. After 50 hours, all of the p-nitrophenol had been exhausted and half of the Tyr 411 was free. By two weeks, none of the Tyr 411 was labeled. The albumin still carried a lot of label, but the label was on lysines and on the N-terminal Asp1.
Residues acetylated by 10 mM pnitrophenyl acetate. Table S1 (supplement) lists the residues in human albumin acetylated by treatment of 15 µM albumin with 10 mM pnitrophenyl acetate at pH 8.0, 22˚C for 48 h. The Mascot search engine matched 215 peptides to albumin in accession # gi:3212456, yielding 76% coverage in the tryptic digest, and matched 331 peptides for 85% coverage in the GluC digest. Three peptides from a pepsin digest are included in Table S1 (supplement). MS/MS spectra were manually evaluated before a labeled peptide was included in Table S1 . MS/MS spectra positively identified acetylation of 59 lysines, 10 serines, 8 threonines, 4 tyrosines and the N-terminal aspartate. Albumin has 59 lysines; every lysine was at least partially acetylated. The 10 acetylated serines were S5, S65, S192, S202, S287, S312, S419, S427, S435, and S454. The 8 acetylated threonines were T68, T76, T79, T83, T467, T474, T527, and T540. The 4 acetylated tyrosines were Y84, Y161, Y401, and Y411. The N-terminal aspartate D1 was acetylated. Tyrosine 138, the ligand binding site in sub-domain IB, which is modified by metabolites of polycyclic hydrocarbons (27) and by nitric oxide (28), was not modified by p-nitrophenyl acetate.
Both chemical and in vivo ε-N-acetylation of lysines has precedent (26, (29) (30) (31) (32) . Chemical Oacetylation of tyrosines also has precedent (33) . Reports on acetylation of serines, and threonines are more rare, though indirect evidence has been reported for bovine growth hormone treated with acetic anhydride (34) .
The peptides in Table S1 (supplement) do not have an acetylated Lys at the C-terminus, with the exception of K162. The vast majority of acetylated lysines appear as missed cleavages within the peptide. This confirms reports in the literature (29) that trypsin generally does not recognize acetylated lysine as a cleavage site.
Carbamylation by ammonium cyanate, a degradation product of urea, would add a mass of +43, a value close to the mass of +42 from acetylation. To avoid carbamylation artifacts, we did not use urea in our protocol.
Lysines are stably acetylated. An estimate of the stability of acetylated lysines was obtained by measuring % acetylation of Lys 225 in peptide SQRFPK*AEF with time. After 6 hours reaction of 15 µM albumin with 0.5 mM p-nitrophenyl acetate, 9% of K225 was acetylated. No change in % acetylation of this peptide was observed for up to 9 days. The lack of an increase in % acetylation with time is explained by the fact that 90% of the p-nitrophenyl acetate had been consumed after 6 hours. The absence of a loss in % acetylation supports the conclusion that acetylated lysine is stable at pH 8.0. A peptide with 9% acetylated lysines was chosen for this example to make the point that a particular residue may be only partially acetylated.
A second example of stable acetylation was obtained by MALDI-TOF analysis of peptide D*AHK*S*EVAHRFK*DLGEENF. After 48 hours reaction of 15 µM albumin with 10 mM pnitrophenyl acetate, followed by dialysis to remove excess reagent, 100% of the N-terminus (D1), 100% of K12, 78% of K4 and 5% of S5 were acetylated. After 18 days, the % acetylations were unchanged. We conclude that acetylated lysines, as well as the acetylated N-terminus and acetylated serine, are stable at pH 8.0 and 22˚C.
Deacetylation of Tyr 411. Treatment of 15 µM albumin with 15 µM p-nitrophenyl acetate in 10 mM TrisCl pH 8.0 resulted in exclusive acetylation of Tyr 411. No other residues were significantly acetylated. Tyr 411 was maximally acetylated after 1 h. Figure 3 shows the maximum acetylation level of 80% and loss of the acetyl group with time. The half-life for deacetylation of Tyr 411 at pH 8.0, 22˚C was 61±4 hours. This very slow deacetylation rate (k = 0.0002 min -1 ) confirms a previous report that deacetylation is the rate limiting step for reaction of human albumin with p-nitrophenyl acetate (14) . On the other hand, turnover with o-nitrotrifluoroacetanilide is explained by the instability of the trifluoroacetyl adduct due to the electronic effect of the fluorine atoms (14) .
Location of ester-reactive residues. The location of the reactive residues in the crystal structure of human albumin is shown in Figure 4 . All acetylated lysines, serines, and threonines are exposed to the surface. Tyr 411 is in a pocket 4.5 Angstroms from Arg 410. Acetylated Tyr 84, 161, and 401 may also have been activated by interaction with nearby arginines.
Time to complete hydrolysis of 0.5 mM pnitrophenyl acetate. Six hours after addition of pnitrophenyl acetate to 15 µM albumin in 10 mM TrisCl pH 8.0, 22˚C, 90% of the 0.5 mM pnitrophenyl acetate had been consumed, and the rate of p-nitrophenol production by albumin had slowed so it was indistinguishable from the rate by buffer alone.
By 24 hours, the endpoint absorbance of 8.42, at 400 nm, was reached and no further change in absorbance was obtained. The theoretical endpoint calculated from the extinction coefficient of 16,900 M -1 cm -1 for p-nitrophenolate ion at pH 8.0 was 8.45 (1), a value in close agreement with the observed endpoint.
Percent acetylated lysines. About 50% of the hydrolysis of 0.5 mM p-nitrophenyl acetate was due to reaction with 15 µM albumin, and about 50% to reaction with pH 8.0 buffer. Assuming that the 250 µM of p-nitrophenyl acetate that reacted with 15 µM albumin resulted in stable acetylation of albumin, one can calculate about 16 to 17 molar equivalents of acetate bound per mole of albumin. If 16 out of 59 lysines are acetylated, then on average 27% of each lysine was acetylated. This value is close to the 20-25% acetylation calculated for K414 by MALDI-TOF analysis.
A third method was used to calculate % acetylated lysines. This method is based on the principle that lysines labeled with fluorodinitrobenzene are relatively stable to acid hydrolysis, whereas acetylated lysines are deacetylated to free lysines. Standard acid hydrolysis followed by amino acid composition analysis allows an estimate of the number of acetylated lysines (30) . It was found that 27% of the lysines were acetylated in albumin treated with 0.5 mM p-nitrophenyl acetate, while 67% of the lysines were acetylated in albumin treated with 10 mM p-nitrophenyl acetate.
Esterase activity of albumin. The esterase activity of human albumin can be visualized on a nondenaturing gel stained for esterase activity with beta-naphthyl acetate and Fast Blue RR. The betanaphthol reacts with the diazonium salt of Fast Blue RR to produce a pink, insoluble azodye, which precipitates at the site where naphthol is released.
The gel in Figure 5A shows naphthol production by the albumin present in 5 µl of human plasma (lane 1), as well as by 200 µg of pure human albumin (lane 2). Additional esterase bands in lane 1 are from butyrylcholinesterase and paraoxonase. The question of interest was how much of the apparent esterase activity of albumin was due to Tyr 411 and how much to irreversible acetylation of lysines? To answer this question, albumin preparations with various percent acetylation of Tyr 411 and lysines were loaded on the gel. The esterase activity in lane 4 where 100% of Tyr 411 was acetylated, was similar to that in lane 2 where none of the Tyr 411 was acetylated. The esterase activity in lane 5 where 100% of the Tyr 411 was acetylated, and 27% of the lysines were acetylated, was substantially decreased. The albumin in lane 6 was acetylated only on lysines because Tyr 411 had completely deacetylated during two weeks incubation; the esterase activity in lane 6 was similar to that in lane 5, showing that lysines contributed more to albumin esterase activity than Tyr 411. The albumin in lane 7 was maximally acetylated by 10 mM p-nitrophenyl acetate, corresponding to the 82 residues acetylated in Table S1 . The esterase activity in lane 7 was nearly abolished. Blocking Tyr 411 by covalent modification with DFP (lane 8) or chlorpyrifos oxon (lanes 9 and 10) had little effect on the apparent esterase activity.
The gel was counterstained with Coomassie blue in Figure 5B to show that protein loading per lane was equivalent. Slower migrating bands are consistent with higher molecular weight forms of albumin.
Pure albumin is predominantly monomeric, but also forms dimers, and higher multimers. Figure 5B clearly shows that the highly acetylated albumin (67%) in lane 7 migrated substantially further than native albumin in lane 2. Albumin that was 27% acetylated migrated slightly further than native. This behavior is consistent with elimination of positive charge from the protein by acetylation of the ε-Namino groups of the lysines, thus giving the acetylated protein a greater net negative charge so that it would be attracted more readily to the positively-charged electrode at the bottom of the gel.
The esterase activity of albumin is characterized by an initial burst of product formation that is equal to one equivalent of albumin, followed by slower formation of multiple equivalents of product (1) . The fast phase has been attributed to initial acetylation of Tyr 411 (21) , which is consistent with the rapid labeling of Tyr 411 described in Figure 1 . From the activity shown in Figure 5 , it can be concluded that the apparent slow phase esterase activity of albumin is due to release of p-nitrophenol upon acetylation of 59 lysines, and to some extent the surface accessible serines, threonines and other tyrosines. This myriad of acetylations creates the appearance of enzymatic turnover, but it is not a true turnover process. Lysine, serine and threonine are acetylated but do not release the acetate. Acetylated Tyr 411 does release the bound acetate (that is, it turns over), but the release rate is too slow to account for a significant part of the apparent esterase activity of albumin in a 30 min assay. Albumin must therefore be regarded as a pseudo-esterase, not an enzymatic esterase.
DISCUSSION
Albumin esterase activity. In our previous reports we had identified Tyr 411 as the residue in albumin that is labeled by soman, sarin, DFP, chlorpyrifos oxon, FP-biotin, and dichlorvos (16, 18) . Others have also identified tyrosine as the site of covalent binding of soman, sarin, cyclosarin, and tabun to albumin (20) . Organophosphorus agents inhibit the esterase activity of butyrylcholinesterase and other serine esterases by covalent binding to the active site serine (35) . By analogy, we had expected that OP binding to albumin would inhibit the esterase activity of albumin because it is commonly assumed that Tyr 411 is the active site residue on albumin that is responsible for esterase activity. The burst activity of albumin with p-nitrophenyl acetate is indeed inhibited by labeling Tyr 411 with an organophosphorus agent (21) . However our results show that the slow steady state esterase activity of albumin is not inhibited by binding OP to Tyr 411, but instead is inhibited by acetylation of lysines. These results lead to a revised model of the esterase activity of albumin.
In this revised model of the esterase activity of albumin up to 82 residues participate. The most reactive residue is Tyr 411. Deacetylation of Tyr 411 occurs with a half-life of 61±4 h, which means the p-nitrophenolate product formed in a 30 min reaction cannot come from turnover on Tyr 411. The majority of the "esterase" activity of albumin is due to a half-reaction with lysines, serines, threonines and tyrosines. These acetylated residues do not turnover but form stable adducts. At high p-nitrophenyl acetate concentration a total of 59 lysines, 10 serines, 8 threonines, 4 tyrosines and the N-terminal aspartate are acetylated.
The lysines of albumin are acetylated by pnitrophenyl acetate, but are not labeled by organophosphorus esters. We have found no evidence for labeling of lysines by organophosphorus agents.
Confirmation of Means and Bender. When Means and Bender (1) found stable incorporation of 14 C-acetate into albumin they concluded that accelerated formation of p-nitrophenolate ion in the presence of serum albumin was not due to increased hydrolysis, but to rapid acetylation of serum albumin by p-nitrophenyl acetate. Means and Bender did not identify the residues involved and therefore their conclusion has been overlooked during the past 30 years while investigators focused on Tyr 411 as the esteratic site (36) . With the availability of mass spectrometry we have identified the specific residues in albumin that become acetylated by p-nitrophenyl acetate and therefore provide proof for the concept introduced by Means and Bender to explain albumin esterase activity. Our results support their conclusion that the overall reaction rate, as reflected by appearance of p-nitrophenolate ion, corresponds to the sum of a large number of simultaneous reactions at different sites on the protein plus spontaneous hydrolysis.
Additional support for the conclusion that lysines and tyrosine participate in the esterase activity of albumin comes from studies of chemically modified albumin (7) . Modification of tyrosine and lysine suppressed hydrolysis of carprofen glucuronide, leading to the conclusion that Tyr and Lys have roles in hydrolysis.
Significance. It is expected that other esters will also acetylate albumin. Acetyl salicylic acid (aspirin) has been shown to acetylate up to 3 residues on human albumin, though only one acetylation site has been identified to date, namely Lys 199 (37) (38) (39) . Though acetylation rates must be very slow, the high concentration of albumin in plasma (0.6 mM) makes these reactions pharmacologically relevant.
Albumin is unusual in the family of plasma proteins because it has no carbohydrates. This makes the amino acids of albumin more accessible to acetylation than those of a protein like butyrylcholinesterase whose surface is sugar coated. Nevertheless, it is possible that other proteins including butyrylcholinesterase are acetylated by carboxylic acid esters on multiple sites. Several lysines on ubiquitin are acetylated by aspirin (26) .
In some cases chemical acetylation has an important physiological consequence. For example, the anti-inflammatory action of aspirin is explained by acetylation of the N-terminal serine of prostaglandin synthetase (40) .
Abbreviations: amu, atomic mass unit; CHCA, alpha-cyano-4-hydroxycinnamic acid; DFP, diisopropylfluorophosphate; LC/MS/MS, liquid chromatography tandem mass spectrometry; MALDI-TOF, matrix assisted laser desorption ionization time of flight mass spectrometry; MS/MS, tandem mass spectrometry 
